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An Observational Perspective on Some Aspects of Early 
Stellar Nucleosynthesis 
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Abstract. Some basic abundance results for low metallicity stars that were formed in the early days of the Milky Way Galaxy 
are summarized. Discussion is centered on two nucleosynthetic groups: the light a elements (Mg, Si, and Ca), and the neutron-
capture elements (those heavier than the Fe group, atomic numbers greater than 30). Emphasis is placed on the present state 
of stellar spectroscopic and atomic transition data. 
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INTRODUCTION 
The First Stars conference series focuses on "the physics 
of formation, life and death of the eariiest stars and their 
impact on subsequent structure formation and chemical 
evolution of the Universe."' Chemical compositions of 
low metallicity stars provide crucial input data in this 
area. 
Today we know of stars spaiming six orders 
of magnitude in overall metalhcity, from super-
solar ([Fe/H] r^ +0.5, e.g., [1])^ to ultra-metal-poor 
([Fe/H] '-^  -5.5, [2]). Several thousand metal-poor stars 
(arbitrarily defined as those with [Fe/H] < -1) have 
now been identified; most of these are members of the 
Galactic halo population. But it is worth remembering 
the pioneering paper [3] that aimounced identification 
of the first convincingly metal-poor stars HD 19445 and 
HD 140283. This paper appeared less than 60 years ago. 
It greatly underestimated the true metal deficiency of 
these stars, due to the novelty of the basic idea at that 
time. In fact, the paper states that, "The one possibly 
undesirable factor in our interpretation is the prediction 
of abnormally small amounts of Ca and Fe ... Although 
many workers have previously suspected the subdwarfs 
of having a low hydrogen content, it appears that, with 
respect to Ca and Fe at least, the subdwarfs [HD 19445 
and HD 140283] are rich in hydrogen." Nearly a decade 
more was needed to reliably estabhsh basic metalhcity 
and abundance techniques and results for a small number 
of halo stars, and the field has grown steadily ever since. 
' http://www.lanl.gov/conferences/firststars3/ 
^ We adopt the usual spectroscopic notations that for elements A and 
B, log £A = logio(NA/NH) + 12.0, and [A/B] = logio(NA/NB)* -
logio(NA/NB)0. Also, metallicity is identified here with the stellar 
[Fe/H] value. 
From a nucleosynthetic perspective, the major groups 
in the Periodic Table heavier than helium are (a) Li-Be-B, 
whose very low abundances can be generated in a vari-
ety of circumstances, (b) the light "a" elements (even-
Z, 6 < Z < 22), (c) the hght odd-Z elements (of the 
same atomic number range), (d) the Fe-peak elements 
(21 < Z < 30), and (e) the neutron-capture elements 
(w-capture, Z > 30). The qualitative and quantitative ex-
plosion of information on chemical compositions of low 
metallicity stars means that one short review is inade-
quate to do justice to the field. Here we choose to con-
centrate only on the a and w-capture elements, but many 
of the successes and remaining problems in determining 
their abundances over a large metallicity range can be ap-
phed to other element groups as well. Our discussion will 
not stray far from the observational realm; other papers 
in this volume will take up the theoretical issues. 
THE OBSERVABLE a ELEMENTS 
The most abundant elements heavier that helium in the 
Galaxy are those hght elements whose dominant natu-
rally occurring isotopes are composed of even multiples 
of a particles. These include C, O, Ne, Mg, Si, S, and 
Ca. Unfortunately, of this hst the noble gas Ne is spec-
troscopically inaccessible in cool star spectra; C and O 
can suffer abundance alterations through proton captures 
during various H-buming cycles in stars of all types; and 
S has mostly weak transitions (and thus is difficult to de-
tect at very low metallicities). This leaves only Mg, Si, 
and Ca as the practical representatives of the "pure" a 
element group for stars of all Galactic populations. 
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a Elements in "Ordinary" Metal-Poor Stars 
Pioneering early spectroscopic studies established that 
the a elements are relatively overabundant in metal-
poor stars. The first large-sample investigation to show 
this was [4], which found that for G-dwarf stars with 
[Fe/H] < -0.4, the a/Fe abundance ratio was larger than 
solar: [<Mg,Si,Ca>/Fe] ^^ +0.2, with some correlation 
of this ratio with space velocity as well. Subsequent 
studies over the past four decades have deepened our 
understanding of the a-element abundance trends over 
the entire Galactic metalhcity range (+0.5 > [Fe/H] > 
-5) but have not fundamentally changed this qualitative 
conclusion. Spectroscopic surveys have also shown that 
Ti (Z = 22) is generally overabundant by amounts similar 
to Mg, Si, and Ca. Thus it is often lumped together with 
the true a elements in nucleosynthesis discussions. But 
its dominant isotope is '*^Ti, and thus Ti probably should 
not be included as an official member of the group. 
The general a-element enhancement is shared by vir-
tually all low metalhcity stars, both members of the gen-
eral field and those in globular clusters. We illustrate this 
in Figure 1, which shows the run of [Ca/Fe] as a function 
of [Fe/H] for the metalhcity regime relevant to globular 
clusters, [Fe/H] > -2.6. This figure is an updated version 
of Figure 4 in [5], to which we have added some new data 
on field thick disk stars and globular clusters, as cited in 
the figure caption. 
A few conclusions can be drawn from Figure 1. 
First, within the observational uncertainties the average 
[Ca/Fe] ratios of field and globular cluster stars are essen-
tially indistinguishable for halo metaUicities ([Fe/H] < 
-1). Galactic chemical evolution models need to account 
for this general agreement. Either the elemental yields of 
high mass element donors (the sources for both Ca and 
Fe in the early Galaxy) in all environments are relatively 
simple functions of steUar metaUicity, or the major nucle-
osynthesis events in the nascent Galaxy occurred prior to 
the condensation of globular clusters out of the original 
halo material. Second, Ca overabundances in globular 
clusters persist into the Galactic thin/thick disk metaUic-
ity domain ([Fe/H] > -1), while a decline to [Ca/Fe] c^ 0 
at [Fe/H] = 0 is exhibited by field disk stars and open 
clusters alike. The highest metalhcity globular clusters 
are disk residents, lying at low Galactic latitudes and of-
ten dust-obscured. It is not easy to obtain high resolution 
spectra of them suitable for full abundance analyses. Fur-
ther exploration of the chemical compositions of clusters 
in this metaUicity regime would be welcome. 
Note the anomalously low [Ca/Fe] ratios for Pal 12 
[16, 17], Rup 106 [16], and NGC 5694 [12] shown in 
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FIGURE 1. [Ca/Fe] abundance ratios plotted against [Fe/H] 
in the metaUicity regime of Galactic globular clusters, 
[Fe/H] > -2.6. This figure is an updated version of Figure 4 
in [5]. The points for "open clusters" (magenta open circles) 
"globular clusters" (blue filled squares) and most of the "field 
stars" (small black dots) are taken from [5], where citations to 
the original literatures sources can be found. New data on field 
thick disk stars (small black dots, not distinguished from the 
other field stars) are from [6], and new globular clusters (red 
squares) are from [7, 8, 9, 10,11,12,13, 14]. The new point for 
NGC 6528 from [13] is a renormalized abundance from [15], 
also shown in the figure. 
Figure 1. These are three outer-halo clusters [18]^ that 
are relatively far from the Galactic center Some outer 
halo clusters. Pal 12 among them, are probably younger 
than most of the other globulars (see, e.g., [19]), and thus 
perhaps are not native to the Galaxy. Such objects may 
have been accreted later by the Galaxy, and thus their 
deviations from the mean [Ca/Fe] values of other clusters 
may not require special explanation in Galactic chemical 
evolution. They may represent a fundamentally different 
population than the vast majority of globular clusters. 
An intriguing trend of decreasing [Si/Ti] abundance 
ratios with Galactocentric distance has been identified 
by [20]. This trend has been attributed to the production 
of these abundances in different mass ranges of Type II 
supemovae that dominated element synthesis at differ-
ent Galactocentric distances in the early Galaxy. The 
Galactic position influence does not appear to extend to 
[Ca/Fe], as summarized in Figure 5 of [5]. 
^ The current version is available at http://physwww.mcmaster.ca/ har-
ris/mwgc.dat 
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a Elements at Lowest Galactic Metallicities 
Much early Galactic nucleosynthesis effort in recent 
years has concentrated on stars with sub-globular metal-
licities, [Fe/H] < -2.5. It is expected that stars with low-
est metalhcities on average are the oldest, or at least 
were formed from early halo gas that was seeded with 
the fewest prior nucleosynthesis events. The first large-
sample abundance study of such stars was conducted by 
[21], who employed spectra of moderately high resolu-
tion, R = X/AX -2^ 22,000, and modest signal-to-noise, 
typically S/N '-^35. They discovered fundamental alter-
ations in some abundance ratio trends with metalhcity 
(particularly among the Fe-peak elements Mn, Cr, and 
Co), and increased star-to-star scatter of the ratios for 
many elements (especially in the w-capture domain). Re-
cently, a series of papers by the "First Stars" group (e.g, 
[22, 23, 24] and references therein) has employed much 
better R and S/N spectra to refine and extend the [21] 
conclusions. In Figure 2 we show a abundance ratios 
[Ca/Fe] and [Si/Fe] from these two studies, and we have 
added data from [25, 26, 6] for higher metallicity stars. 
Taking up first the [Ca/Fe] data in the top panel of 
Figure 2, the lowest metallicity stars on average continue 
the relatively constant '-^0.3 dex overabundance value of 
the less extremely metal-poor stars that were considered 
previously. There is little to distinguish the results of [21] 
from those of [22], except in the few stars of each sample 
that deviate significantly from the mean [Ca/Fe] value. 
Inspection of the [Si/Fe] data of Figure 2's bottom 
panel suggests a more interesting situation. At all metal-
licities the mean abundance ratio echoes that of of the top 
panel: < [Si/Fe] > ^^ < [Ca/Fe] >. It is clear however that 
the star-to-star scatter is different: (7[Si/Fe] > (7[Ca/Fe]. 
If star-to-star a element abundance variations are real 
at very low metallicities, then Figure 2 contains direct 
evidence of prior individual nucleosynthesis events that 
would have seeded a very inhomogeneous early Galactic 
halo interstellar medium. The data of Figure 2 indicates 
that of the two surveys of stars with [Fe/H] < -2.5, the 
more recent study with better spectroscopic data has sig-
nificantly reduced the star-to-star scatter The total range 
in [Si/Fe] is '-^0.6 dex in [22], in contrast to the '-^1.2 dex 
spread reported in [21]. 
Below we consider whether much of the remaining 
star-to-star scatter in [Si/Fe] values represent "observa-
tional" artifacts introduced at some point in the steps 
from telescopic data collection to derivation of abun-
dances. First, we must stress that some low metalhc-
ity stars with genuinely anomalous [a/Fe] ratios do ex-
ist in the Galactic halo. Several "low-a" examples have 
been found, begirming with the analysis of BD+80 245 
by [27], which revealed a star with [Fe/H] c^ -2.1 
but [a/Fe] = <[Mg,Si,Ca/Fe]> c:^ -0.2 [28], nearly 
0.5 dex lower than the typical halo-star value. This star's 
1.0 
fc^ 0.5 
o 
0,0 
1.0 
Fulbright 2000, Reddy 2003,2006 
X McWilliam 1995 
• Cayrel 2004 
r -iri 
fc^ 0,5 
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0,0 
- 4 - 3 - 2 - 1 0 
[Fe /H] 
FIGURE 2. Abundance ratio trends for two a elements in 
the extended metallicity regime 0,0 > [Fe/H] > -A.l, which 
includes most Galactic halo stars. The symbols are identified 
in the figure legend. The horizontal black lines at [Ca/Fe] or 
[Si/Fe] = 0,0 represent the solar abundance ratios of these 
elements. For this figure, data for lowest metallicity stars are 
taken from [21, 22], and we have filled in the rest of the 
metallicity range with data from [25, 26, 6], 
low-a general abundance distribution is seen in also 
in other serendipitous spectroscopic discoveries: G4-36 
[28], CS 22966-043 [29, 28], and HE 1424-0241 [30], 
This last star is noteworthy for its extremely low metal-
licity, [Fe/H] r^ -4, nearly 2 dex smaller than the other 
three stars in the list. 
In Figure 3 we summarize the abundance pattern for 
HE 1424-0241 and BD+80 245. For this figure we fol-
low [31] in plotting the differences of abundance ratios 
in these two stars to those of HD 122563, the well-
known bright very low metallicity giant star first dis-
cussed by [32] and repeatedly analyzed at high spec-
tral resolution ever since. HD 122563 exhibits a "typ-
ical" halo-star abundance pattern, and in particular has 
<[Mg,Si,Ca/Fe]> -+0.36 in its latest analysis [31]. The 
abundance differences of the two low-a stars with re-
spect to HD 122563 are similar but hardly identical: al-
though on average both HE 1424-0241 and BD+80 245 
are a-poor compared to HD 122563, there are significant 
differences between them among the individual elements 
of interest here (e.g., Mg and Si) as well as in other ele-
ment groups (e.g., Co and Ba). 
The situation has been enriched through the discovery 
of a few very peculiarly a-rich (or perhaps Fe-poor) low 
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FIGURE 3. Abundances patterns of four halo stars with 
anomalous [a/Fe] ratios compared to that of HD 122563, a 
metal-poor ([Fe/H] ^ -2.7) giant with "normal" a-element 
overabundances. Only elemental abundances derived for all of 
these stars are included in the figure. Reference to the abun-
dance studies for these stars are given in the text. 
metallicity stars, e.g., BS 16934-002 [31] and CS 22949-
037 [21, 33]. We also plot abundance differences of these 
two stars with respect to HD 122563 in Figure 3. The 
contrast between the a-rich and a-poor stars is '-^ 1 dex 
or more in [Mg,Si,Ca/Fe], well beyond any reasonable 
abundance uncertainties. 
Some Remaining Analytical Issues 
Unfortunately, there are some observational/analytical 
concerns attending light element abundance determi-
nations in metal-poor stars must be addressed before 
nucleosynthetic interpretation can be done with confi-
dence. To begin with one fairly extreme example, it has 
long been known that there are inconsistencies between 
abundances derived from different spectral features of 
the odd-Z element Al. For lowest metallicity stars the 
only reliable Al abundance indicator is Al 1 3961.54 A 
iX ^ 001 6V)- A.t higher metallicities this line is very 
strong, and since it hes in the wing of the huge com-
bined Ca 11 H and He spectral feature, observers usu-
ally switch to longer-wavelength lines such as the Al 1 
6696.03, 6698.67 A pair The red and blue lines yield 
very discordant results, with the red fines suggesting tfiat 
[Al/Fe] '-^ 0.0 and tfie blue fine consistently yielding 
[Al/Fe] < -0.3; see the discussions in, e.g., [34, 35] on 
causes and potential cures of this problem. 
Abundance clashes from different spectral features of 
any element suggest first tfiat a brief examination of basic 
transition probabilities used in tfie abundance analyses 
sfiould be conducted. Tfie log gf data for neutral-species 
fines of a elements Mg, Si, and Ca, as weU as for Al, 
fiave improved dramatically in recent years. Spectra of 
tfiese neutral species are sufficiently simple tfiat tfieoret-
ical results are preferred in most, but not aU cases. 
Consider first Mg 1 wfiicfi is an alkaline eartfi spec-
trum. Tfie presence of only two valence electrons outside 
of a Ne-like core witfi small relativistic effects leads to 
tractable calculations. Opacity Project (OP) results from 
[36] and Multi Configuration Hartree Fock (MCHF) re-
sults from [37]"^  are recommended by tfie NIST Atomic 
Spectra Database (NIST-ASD)^ for many of tfie impor-
tant visible and near IR lines cormecting low excited 
levels in Mg 1. Tfie main sfiortcoming of many of tfie 
OP results is tfie lack of a fine structure treatment. In-
dividual transition probabilities are tfien based on tfie 
LS or RusseU-Saunders approximation, wfiicfi is usu-
ally satisfactory for strongly allowed fines but is some-
times in error for weaker lines. New experimental results 
from [38] fiave become available for tfie important (from 
an astropfiysical viewpoint) Mg 1 3s3p-3s4s multiplet 
at 5167, 5173, and 5184 A (tfie Fraunfiofer "b" lines). 
Tfiese new experimental results are based on tfie best 
modem metfiod for determining transition probabilities. 
Tfiis experimental metfiod combines lifetime measure-
ments using laser induced fluorescence (LIF) and emis-
sion brancfiing fraction measurements using a Fourier 
Transform Spectrometer (FTS). Tfie agreement between 
tfie OP log gf values and tfie new experimental values 
fortfie 3s3p-3s4s multiplet of Mg 1 is 0.07 dex or better 
Altfiougfi tfie uncertainty of tfie new experimental log gf 
values is 0.04 dex, it is clear tfiat tfie NIST accuracy es-
timates are reasonable for tfie OP and MCHF results on 
Mgl. 
Tfie situation for Al 1 is similar Tfie NIST-ASD rec-
ommends primarily OP results [39]. Many of tfie impor-
tant multiplets involve a single valence electron cfiang-
ing its orbit outside of a closed 3s^ sub-sfieU. Long-
standing difficulties, discussed above, in reconcifing Al 
abundance values from tfie resonance 3s^3p-3s^4s mul-
tiplet at 3944 and 3962 A witfi abundance values from 
tfie red 3s^4s-3s^5p multiplet at 6696 and 6699 A are al-
most surely not due to problems witfi log g/values. Tfie 
calculation of transition probabflities for tfie resonance 
multiplet is in many respects more difficult tfian for tfie 
red multiplets, but tfiere fiave been multiple LIF measure-
ments on tfie resonance multiplet (e.g. [40, 41, 42]). It is 
very likely tfiat log gf values for tfie resonance multiplet 
'' http://www.vuse.vanderbilt.edu/~cff/mchf_collection/ 
' http://physics.nist.gov/PhysRefData/ASD/index.html 
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of Al I are known to within 0.02 dex or better 
The addition of another 3p valence electron makes Si 1 
somewhat more difficult from a theoretical standpoint. 
Some additional theoretical and experimental work on 
log gf values for the most important multiplets of Si 1 is 
desirable. The same can be said for Ca 1. The available 
theoretical log gf values for the important multiplets of 
Si 1 and Ca 1 are not quite as good as those available 
for the important multiplets of Mg 1 and Al 1. Happily, 
many yellow-red transitions of Ca 1 have been measured 
in the lab to high accuracy (±5%, [43]). In short transi-
tion probability uncertainties of these species, with the 
possible exception of Si 1, are unlikely to be the major 
sources of abundance uncertainties in the present analy-
ses. 
For Si 1, next consider the features actually employed 
in the various studies. The surveys chosen for inclusion 
in Figure 3 were based on large stellar sample size; indi-
vidual studies of single or a small handful of stars are not 
shown. But there is study-to-study heterogeneity in the 
spectroscopic features chosen for analysis. Specifically, 
the [Si/Fe] abundances for the lowest metallicity stars 
have been determined almost exclusively from a single 
fine: Si 1 3905.53 A. In Figure 4 we show a partial Gro-
trian diagram for Si 1, indicating the lower (;^  = 1.91 eV) 
and upper (4.93 eV) levels of this transition. The figure 
also indicates the 4102.94 A fine, a much weaker transi-
tion that arises from the same lower level as the 3905 A 
line. The 4102 A fine has been used in a few stars. Higher 
excitation Si 1 fines are generally too weak to be detected 
at these metalficites. At larger values of [Fe/H] these two 
lines become very strong, and their spectral regions are 
often too line-rich to yield reliable Si abundances. There-
fore higher-metalficity surveys such as the ones included 
in Figure 2 [25, 26, 6] almost exclusively have used Si 1 
lines in the yeUow-red spectral regions. As examples we 
show the ones at 5772.15 and 5793.08 A in Figure 4; 
these transitions arise from the upper levels of the 3905 
and 4102 A lines, respectively. Other yeUow-red spec-
tral lines are often used that have no direct coupling to 
the blue fines; see tfie cited studies for tfieir particular 
Si 1 fine cfioices. Rarely are red and blue Si 1 features 
studied in the same stars, and it is not obvious that the 
abundances from these different fines yield consistent re-
sults. There is almost no sample overlap in Figure 2 be-
tween the very metal-poor [21,22] and higher metaUicity 
[25, 26, 6] surveys. 
A further concern on Si analyses has recently been 
identified: abundances determined exclusively from 
tfie Si 1 3905 A fine fiave a pronounced dependence 
on stellar effective temperature. Tfiis issue was dis-
cussed in [44], wfiicfi presented abundance results for 
very metal-poor red fiorizontal brancfi stars spanning 
5000 K < Teff < 6400 K. In Figure 5 we sfiow an exten-
sion of Figure 10 from [44], wfiicfi sfiows a clear trend of 
M 4 
Si I LP. = 8.152eV 
lowest configurations 
FIGURE 4. A partial Grotrian diagram for Si I. The first nine 
configurations are shown, along with fiour transitions that are 
commonly employed in Si abundance determinations in metal-
poor stars. Data for this figure have been taken from the NIST-
ASD web site. 
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FIGURE 5. [Si/Fe] relative abundances plotted as a function 
of stellar effective temperature. The data sources are given in 
the figure legend and cited in the text. The dotted horizontal 
line represents the solar [Si/Fe] value. 
[Si/Fe] ratios for tfie fiorizontal brancfi stars from '-^+0.5 
at tfie cool end of tfie distribution to '-^-0.1 at tfie fiot 
end. But tfiese abundance ratios merge smootfily into tfie 
mean values for cooler metal-poor red giants [22] and 
warmer metal-poor stars near tfie main sequence tumoff 
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[45]. Addition of abundances to Figure 5 from an earlier 
survey [35] that included stars of a larger temperature 
range reveals the same problem in those data as well 
(that study did call attention to the relatively large scatter 
in [Si/Fe] values). The fundamental stellar atmosphere 
parameter dependence appears to be temperature alone, 
since among the warmer stars there is an admixture of 
similar-metalhcities stars with very different gravities: 
(1.8 < log g < 2.8) and tumoff dwarf/subgiant stars 
(3.6 < logg < 4.6). The 3905 A line is contaminated 
with a CH molecular feature, but only in very C-rich 
stars [45, 44] does the blending appear to be a serious 
issue for Si abundance analyses. 
Further progress on the abundances of a and other 
light elements will come when all of them have at least 
been subjected to full statistical equilibrium (non-LTE) 
line formation computations. The astrophysical impor-
tance of C an O and the disagreements in their derived 
abundance from different atomic and molecular features 
has led to a successful effort in this area (e.g., [46,47,48] 
and references therein). Non-LTE studies of Ca I, Ca II 
[49] and Mg I, Mg II [50] have been recently reported. 
These are important studies and should be pursued for 
other relevant species. 
To summarize the discussion of a elements, a very 
large number of studies over the past several decades 
has established that: (a) the mean a/Fe at low metal-
licities is a factor of 2-3 larger than it is in the Sun; 
(b) significant trends of a/Fe with metallicity caimot be 
definitely established for stars with [Fe/H] < - I ; (c) a 
small number of very metal-poor stars substantially de-
part from the general a element abundance level; and (d) 
Si abundances (perhaps other elements as well) have an-
alytical difficulties remaining to be sorted out. We began 
by defining C, O, Ne, Mg, Si, S, and Ca to be the of-
ficial a elements, but quickly eliminated C, O, Ne, and 
S (observational detection difficulties or susceptibility to 
alteration in H-buming cycles), and now have argued that 
a line formation problem or problems exist for Si. What 
observed a abundances can we recommend with some 
confidence to stellar nucleosynthesis and Galactic chem-
ical evolution modelers? At present Ca, and perhaps Mg. 
Clearly there is room for further work on all fronts in this 
area. 
THE OBSERVABLE 
NEUTRON-CAPTURE ELEMENTS 
The w-capture elements are those heavier than the Fe-
peak, normally defined as Z > 30. These elements of-
ten are comprised of many isotopes, the vast majority of 
which are built in either the 5-process or the r-process. 
These w-capture processes both involve neutron additions 
to target seed nuclei (such as those of the Fe-peak) fol-
lowed by /3 decays of any unstable resultant (neutron-
rich) nuclei. The s- and r-processes arise in different n-
capture//3-decay regimes. If the neutron fluxes are smaU 
enough that /3 decays of unstable nuclei can adjust be-
tween successive neutron additions, then element syn-
thesis "slowly" proceeds up the vaUey of /3 -stabflity; this 
is the 5-process. If however neutron capture rates over-
whelm /3-decay rates, extremely neutron-rich nuclei are 
"rapidly" created, which then decay back to /3-stability; 
this is the r-process. Various isotopes of w-capture ele-
ments can be created by the r- or the 5-process, or by 
both.<5 
r-Process or ^-Process Element? 
The concept of an r- or 5-process element is formally 
meaningless for aU but a few w-capture elements. Those 
in the atomic number range Z = 84-89 are composed of 
isotopes that are unstable very short timescales, and thus 
the 5-process carmot create elements beyond Bi (Z = 83). 
All elements heavier than this are thus truly r-process 
ones, but of course only Th and U (Z = 90, 92) survive 
on cosmic timescales to be detectable in steUar spectra. 
For other w-capture elements the r- and 5-process frac-
tions can be determined at the isotopic level only through 
analyses of solar system meteoritic material. Fortunately, 
reactions involved in the 5-process can be studied in the 
lab. With these data, the 5-process fraction of each iso-
tope can be computed empirically [51,52, 53]. The broad 
outlines of r- and 5-process contributions to each element 
have been weU understood since the pioneering effort of 
[54]. To fllustrate this, in Figure 6 we plot the r-only and 
5-only elemental abundances^ for solar system material 
from [51] and from [53]. As the meteoritic abundance 
and 5-process reaction data have improved so has the 
accuracy of r-/5-process fractional breakdown. But the 
original estimates of [51] have proven to be remarkably 
robust. 
Overplotting of r- and 5-process abundances in Fig-
ure 6 shows that each of these w-capture mechanisms 
contributes about half of the solar-system content of 
Z > 30 elements. However, there are pronounced varia-
tions among individual elements: Sr, Ba, La are predom-
* Many «-capture elements also have some relatively proton-rich iso-
topes, but these are very minor abundance constituents and their pres-
ence is essentially undetectable in stellar spectra. 
^ The elemental abundances are determined by summing the individual 
isotopic r-only and .s-only abundances. The data for Figure 6 begin with 
published values that are relative number densities on the meteoritic 
scale, that is normalized to Ngi = 10*. Conversion to the astronomi-
cal scale £H = lO'^ was accomplished by multiplying the meteoritic 
number densities by lO''^' 
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FIGURE 6. The «-capture elemental abundances of solar-
system (mostly meteoritic) material, separated into the pure 
r-process and ^-process components. Lines and symbols are 
defined in the figure legend. Comparisons between observed 
abundances of low metallicity r-process-rich stars and the 
solar-system r-process-only distribution are thus differences 
between the observed total stellar abundances and (a scaled 
version of) the black line of this figure. 
inantly products of the 5-process, and Eu, Gd, and Dy 
and are nearly pure r-process products. Thus these and 
others are referred to as r- or 5-process elements. It must 
be emphasized that this casual division applies only to 
solar-system material. 
Neutron-Capture Elements at Low 
Metallicity: r-Process Stars. 
The w-capture abundance distributions of many metal-
poor stars stand in sharp contrast to that of the solar sys-
tem. The pioneering survey of some brighter metal-poor 
(mostly) giant stars by [59] clearly showed examples of 
[Ba/Eu] -C 0 (see their Figures 4 and 5). This was in-
terpreted [60] as evidence for production of w-capture 
elements solely by the r-process prior to the formation 
of these stars. Isolated examples of somewhat r-process-
rich or 5-process-poor stars have been discussed in the lit-
erature (e.g., [61,62,63,64]), but the first convincing ex-
ample of an extremely r-process-rich star was CS 22892-
052, serendipitously discovered in the [21] survey. This 
object has been subjected to a number of investigations 
with increasing quality of spectroscopic data and atomic 
physics input [65, 66, 67, 68, 56, 69]. All of these studies 
agree on the general abundance properties: [Fe/H] c:^ -
3.1, [Eu/Fe] - +1.6, [Eu/Ba] - +0.9. The abundances 
of elements with Z > 56 fit very well a scaled solar-
system r-process-only abundance distribution (the solid 
black line in Figure 6). 
The solar-system r-process abundance pattern for the 
rare earth and heavier elements is repeated nearly exactly 
in all metal-poor stars that are generally enriched in n-
capture elements and have [Ba/Eu] > +0.5, e.g., [57, 70, 
58, 69, 55]. This is illustrated in Figure 7, which is taken 
from [55]; their Figure II). ForZ > 56 the deviations for 
most stars are well within the uncertainties of the various 
studies. 
The excellent star-to-star abundance agreement for 
nearly all rare earths stems from the ability to observe 
large numbers of ionized transitions in r-process-rich 
stars. First ionization potentials of the rare earths are 
'-^6 eV, and therefore these elements are completely ion-
ized in the stars of interest. The lowest energy levels of 
the ions are well populated, and transitions from these 
levels dominate the spectra. 
The atomic structures of rare-earth ions are very com-
plex. Figure 8 includes partial Grotrian diagrams for two 
examples: Sm II and Gd II. Openf-shells of these species 
lead to extremely rich spectra. The spectra are so rich that 
boxes or blocks are often used in Grotrian diagrams such 
as Fig 8 to represent the lO's to lOO's of levels in a sub-
configuration. The overlap of low configurations, visible 
in this figure, leads to significant configuration interac-
tion. Russell-Saunders or LS coupling breaks down to a 
substantial extent this deep into the periodic table due to 
relativistic effects that overwhelm Coulomb repulsion in 
the Hamiltonian. The theorist is faced with an open f-
shell, the need to include lOOO's of interacting levels, a 
breakdown of LS coupling, and other strong relativistic 
effects. Although the determination of accurate log gf 
values for the rare earths is a formidable theoretical chal-
lenge, the experimental method of combining radiative 
lifetimes from LIF with branching fractions from an FTS 
has proven to be both accurate and efficient. Recent work 
on Gd II and Sm II [72, 71], from which Figure 8 was 
constructed, are good examples. Reliable log gf values 
for important transitions of many other rare-earth ions 
and atoms are now available from combining LIF and 
FTS measurements (see the references in the introduc-
tory paragraph of [71]). 
Isotopes in r-Process-Rich Stars 
Several Z > 56 elements have transitions whose hy-
perfine and isotopic substructures act to broaden their 
absorption profiles beyond those created by the stellar at-
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FIGURE 7. Comparison of «-capture abundance of several r-process-rich stars (HD 221170 [55], CS 22892-052 [56], HD 115444 
[57], and BD+17 3248 [58]) with each other and with the solar-system abundance distribution [53]. This figure is a reproduction of 
Figure 11 of [55]. In the top panel all abundances have been normalized to the the observed Eu abundance of HD 221170. In the 
bottom panel is a difference plot of the stellar and solar-system abundances, again normalizing to the Eu abundances. The points 
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mosphere thermal plus turbulent motion combined with 
the spectroscopic instrumental smearing. The largest ef-
fect of this sort occurs for Eu, which has two naturally-
occurring isotopes with a solar-system meteoritic abun-
dance ratio N(151EU)/N(153EU) = 0.478/0.522 = 0.916 
(e.g., [73] and references therein). Studies of the so-
lar photospheric spectrum ([74, 75] and r-process-rich 
spectra ([76, 77] yield isotopic ratios in accord with 
this value, i.e. N(151EU)/N(1"EU) C^ 1.0. Most of the 
other odd-Z rare earths (La, Pr, Tb, Ho, Tm, Lu) have 
wide hyperfine structures easily detectable in their ob-
servable transitions. But each of these elements has just 
one naturally-occurring isotope, rendering isotopic dis-
cussion moot. 
The even-Z rare earths have as many as seven 
naturally-occurring isotopes. Their isotopic abundance 
mixes can be substantially different in r- and 5-process 
production environments. However, detection of these 
isotopes is challenging, since the isotopic wavelength 
splitting is usually smaller than the stellar/instrumental 
hue broadening. Most attempts to assess isotopic 
fractions have concentrated on the Ba 114554.04 A tran-
sition. Hyperfine substructure exists for odd-A isotopes 
135,137gjj ^^^ jjQ^ fQj. e v e n - Z 134,136,138gjj -pjj^jg ^^ j j j . 
trinsic Ba 114554 A hue profiles produced by the odd-Z 
isotopes will be broader in wavelength than will those 
of the even-Z isotopes. An r-process synthesis yields a 
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higher fraction of odd-Z isotopes than does an 5-process 
one. Although the Ba line is often very strong and satu-
rated, making analysis comphcated, authors have been 
able to assess the odd-Z (r-process-rich) contribution 
to Ba through estimates of 'N(^^^'^^^Ba)fN(Batotai), e.g., 
[78, 79]. In the first large-sample survey in this area 
[80], increasing values of Ba isotopic fractions (that 
is, increasing r-process contributions to Ba) positively 
correlate with r-process basic elemental abundance 
indicator [Eu/Ba]. Finally, attempts are being made 
to extend the rare-earth isotopic work to Sm and Nd 
[81, 82]. 
Thorium and Uranium 
The observed abundances for Th and upper limits for 
U seen in Figure 7 he substantially below their solar-
system values. This is most likely due to their long-
lived radioactive decay, and gives rise to hopes that these 
elements in r-process-rich low metallicity stars could act 
as chronometers, and the age of the w-capture material 
could be estimated from the observed "deficiencies" of 
Th and/or U compared to stable w-capture elements such 
as those illustrated in Figure 7, 
Attempts to employ Th in cosmochronometry began 
with discussion of Th/Nd ratios in disk stars by [83]. 
However, since the Nd abundance of solar-system ma-
terial is due largely to the 5-process (Figure 6: N /^N^ = 
0.352/0.484 = 0.73 [53]), the interpretation of observed 
Th/Nd ratios is complex. The general idea was refined 
by [84], who employed Th/Eu ratios because Eu in 
most stellar abundance mixes is nearly a pure r-process 
product (N,/N, = 0.090/0.003 = 30). Application to the 
Th II detections in CS 22892-052 have yielded "ages" 
of 13 Gyr with uncertainties of '-^ 3 Gyr (e.g. [85, 86]), 
consistent with other kinds of age determinations for our 
Galaxy. 
Unfortunately Th/Eu cosmochronometry depends to a 
large extent on the assumed production ratio of these el-
ements, and therefore concerns have been raised (e.g., 
[87]) on the reliability of Th/Eu age estimates. This issue 
has been highlighted on the observational front by the de-
tection of U in the very r-process-rich star CS 31082-001 
[70]. This star also has a very large relative abundance of 
Th, such that a simple imphed age based on Th/Eu is 
very young, inconsistent with other properties (e.g., very 
low metalhcity) of the star The abundance ratio Th/U in 
CS 31082-001 howeveryields an age o f - I 4 Gyrforthe 
star's w-capture material (e.g, [88]). This suggests that 
the supemova(e) that created the actinide elements for 
the star may have been in general "boosted" their pro-
duction level above that estimated to have occurred prior 
to the creation of the solar system. A few other stars with 
accumulating lower 
density components 
20 22 24 26 28 
lower log rijj densi ty range boundary 
FIGURE 9. Reproduction of Figure 12 of [91], showing the 
predicted r-process abundances (top panel) and their ratios 
(bottom panel) for various neutron (high) density ranges for 
the heavy «-capture elements Eu, Fh, Pt, and Pb. See that paper 
for details of the computations. The abscissa represents the 
addition of individual r-process neutron density components, 
beginning at highest densities (log «„ = 30) and accumulating 
lower-density components from right to left. 
possible actinide boosts have been identified by [69]. On 
the other hand, a second solid U detection in r-process-
rich low metallicity material has now been aimounced 
for the star HE 1523-0901 by [89]. All of its abundance 
ratios involving Th and U yield imphed ages of::; 13 Gyr 
The actinide cosmochronometry issue will not be 
completely solved until enough stars with solid Th and U 
detections are studied in detail. In this work, the survey of 
[90] to identify new r-process-rich stars (as well as other 
surveys in various stages of completion) is very impor-
tant. Followup careful investigation of all stars from this 
study estimated to have [Eu/Fe] > +1 and [Ba/Eu] < 0 
is recommended. Unfortunately, nearly all Th II and UII 
spectral features are weak, blended, or both. Analyses of 
these fines must always be done with care. 
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Indirect Observational Approaches to 
Actinide Production Predictions 
It is easy to understand why large uncertainties might 
exist in Th/Eu or U/Eu production ratios: the atomic 
number difference between Eu and the actinides is nearly 
30, and extrapolations from Eu production are not easy 
to make. Some progress can be had by considering the 
abundance ratios involving Eu and the heaviest stable el-
ements. These are the so-called y^ r-process peak ele-
ments, of which the observable members are Os, Ir, Pt, 
and Pb (Z =76-78, 82).** The Os-Ir-Pt group has been 
investigated in a sample of 11 metal-poor r-process-rich 
star by [92], who suggest that abundances of these ele-
ments strongly correlate with those of the rare earths, e.g. 
[<Os,Ir,Pt>/Eu] -2^ 0. This supports the argument that a 
single abundance distribution is shared by solar-system 
and low metalhcity r-process elements (see Figure 7). 
Unfortunately, the detectable spectral features of the 
yd ^.process peak elements are just a few intrinsically 
weak transitions of the neutral species that mostly occur 
in the UV spectral domain (A < 4000 A). Happily, the lab 
transition data for the hues of interest in this effort appear 
to be in good shape [93, 94, 95]. But the observational 
uncertainties for the [Os,Ir,Pt,Pb/Eu] are large, begirming 
with stellar model atmosphere uncertainties inherent to 
the comparison of neutral-species transitions with the 
ionized-species ones that comprise the only detectable 
features of the rare earths and the actinides. 
The heaviest element that presents ionized hues in the 
spectra of metal-poor stars is Hf (Z = 72, just beyond the 
rare earth group). Its r-process potential importance has 
been indicated by recent calculations of [91], who sug-
gest that the production of Hf, Pt, Pb, and Th are linked. 
We illustrate this in Figure 9 (Figure 12 of [91]). The 
probable neutron density range that can reproduce solar-
system and r-process-rich stellar abundance distributions 
is 23 < log«„ < 28. Within those neutron density limits, 
the production ratios Hf/Eu and Hf/Th are nearly con-
stant. Thus Hf could act as an r-process bridge element 
between Eu to Th. 
Recent lab studies [96, 97] have provided accurate 
new transition data for Hf II lines, and [97] have applied 
these data to high resolution spectra of 10 r-process-
rich metal-poor stars. A brief summary of that abundance 
study is given in Figure 10. The top panel gives La/Eu ra-
tios as a function of metalhcity. These abundances sug-
gest that the observed La/Eu values and those predicted 
for the r-process are essentially the same; all the stars de-
serve to be labeled as r-process-rich. In the bottom panel 
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FIGURE 10. Correlation of La/Eu and Hf/Eu abundance 
ratios in r-process-rich low metallicity stars. This figure is 
derived from Figures 6 and 7 of [97], which should be consulted 
for detailed descriptions of the horizontal lines. 
of Figure 10 Hf/Eu ratios are presented. Some details of 
observed and predicted values deserve further study, such 
as the offset between the predicted solar-system total 
(r-process plus 5-process) and solar photospheric abun-
dance, and the c^Q.l dex average overabundance of the 
metal-poor star points compared to expectations. But the 
simple message conveyed in these data is that [Hf/Eu] is 
a constant abundance ratio in r-process synthesis envi-
rormients, as suggested by the computations of Figure 9. 
Clearly a large-sample survey of Eu, Hf, and Th abun-
dances in these kinds of stars is warranted. 
The Lighter w-Capture Elements in 
r-Process-Rich Stars 
Returning to Figure 7, inspection of the atomic num-
ber domain Z < 56 suggests more that more star-to-
star scatter exists for these elements than their heavier r-
process counterparts. Perhaps more interesting, however, 
is to consider the variation in the bulk abundances of the 
hghter to the heavier elements. It has been known for 
some time that ratios such as (Sr,Y,Zr)/(Ba,La,Eu) have 
large variations among low metallicity stars. Two recent 
studies [98, 99] are noteworthy in demonstrating that 
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on average the light-to-heavy w-capture abundance ratio 
(defined in several complementary ways) increases sub-
stantially as overall metalhcity decreases. This is more 
attributable to a fall-off in the level of the heavier ele-
ments than an increased production of the lighter ones. 
Indeed, [92] found that the abundance of Ge (one of the 
very hghtest of the official w-capture elements) was very 
well correlated with the abundance of Fe in their 11-star 
sample, and nearly uncorrelated with abundances of the 
traditional r-process elements such as Eu. 
Theoretical interpretation of this issue is beyond the 
scope of this paper There are suggestions of at least two 
different r-process sites/mechanisms (begirming with 
[100]), production in essentially a single r-process but 
varying neutron density domains (e.g., [91]), or an as-
yet not understood additional w-capture process [101]. 
Instead, we hmit our comments to some observational 
issues. 
First, the abundances of Sr, Y, and Zr (Z = 38-40) 
are determined from multiple fines witfi well-determined 
transition probabilities, [102,103,104,105] arising from 
low-excitation levels of ionized species. Tfieir abun-
dances sfiould be reliable, and ratios of tfiese elemental 
abundances to tfiose of tfie rare-eartfi group sfiould fiave 
relatively small uncertainties. Caution sfiould be used 
wfien only Sr abundances represent tfiese elements, as 
in tfiat case usually only tfie very strong 4077, 4215 A 
resonance fines are analyzed. 
More problematic are tfie elements in tfie Z =41-48 
atomic number range. Nearly all of tfieir useful transi-
tions in metal-poor stars fie in tfie complex spectral re-
gions below 4000 A. Only a few usually very weak lines 
represent eacfi element. Only Nb (Z = 42) fias detectable 
ionized-species transitions. Tfie largest number of abun-
dances in tfiis element group fiave been reported for Ag 
(Z = 47). Tfiis element is represented in steUar spec-
tra only by its resonance doublet at 3280 and 3382 A; 
botfi of tfiese fines are blended and usually weak. Cau-
tion sfiould be exercised in interpretation of all elemental 
abundances in tfiis atomic number regime. 
Neutron-Capture Elements at Low 
Metallicity: ^-Process Stars 
Many metal-poor stars possess enormous enfiance-
ments of C and (usually) w-capture elements syntfiesized 
in tfie 5-process. In general, tfiese stars are more easily 
identified tfian tfiose witfi r-process enfiancements, be-
cause tfie CH molecular "G-band" stretcfies over 4200-
4400 A in wavelengtfi. Anomalously strong G-bands are 
tfius easily spotted in low resolution spectroscopic sur-
veys of fialo stars. Tfie number of C-ricfi stars appears 
to increase witfi decreasing metaUicity; different autfiors 
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FIGURE 11. Top panel: comparative relative abundance en-
hancement patterns [X/Fe] of two well-studied «-capture-rich 
stars. The CS 22892-52 data are from [56] while those of 
CS 29497-030 are from [106]. Bottom panel: comparison of 
the abundances of CS 29497-030 on the "absolute" log e(X) 
scale with the solar-system s-on\y distribution ([53]). The solar 
abundances have been shifted by -0.25 dex to force agreement 
of stellar and solar values for Ba. 
[107, 108] suggest figures in tfie range of '-^10-25% of 
tfie total number of stars witfi [Fe/H] < -2. 
Tfie metal-poor stars witfi C and 5-process overabun-
dances fiave been studied extensively at fiigfi spectral res-
olution. Tfie 5-process-ricfi stars are easily distinguisfied 
from tfie r-process-ricfi ones even in tfie absence of 
C abundance information. Tfiis is illustrated in tfie top 
panel of Figure 11, in wfiicfi examples of botfi w-capture 
abundance enricfiments [X/Fe] are sfiown. Tfie contrast 
between tfie abundances of CS 22892-052 (r-process-
ricfi) and CS 29497-030 (5-process-ricfi) would even be 
more sfiarply defineated if tfie latter star fiad a more 
"pure" 5-process signature. But detailed examination of 
in particular tfie rare-eartfi abundances in sucfi stars (e.g., 
[106,120]) suggests tfiat many of tfie 5-process-ricfi stars 
also fiave underlying weaker r-process overabundances. 
Additionally, tfie 5-process abundance pattern in low 
metaUicity stars is substantially different tfian tfiat of 
metal-ricfi ones. To illustrate tfiis we compare tfie ac-
fiial abundances of CS 29497-030 in log e units to tfie 
solar-system 5-process abundances. Normalizing tfie two 
data sets at tfie CS 29497-030 Ba abundance, it is clear 
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FIGURE 12. A (Tg//, log g)HR diagram for metal-poor C-
rich stars. The stars are diflferentiated by filled/open circles 
according to their ^-process enhancement, as indicated in the 
figure legend. Data have been taken from a number of sources: 
[109, 110, 111, 112, 113, 114,33, 115, 116] [117,45, 118,90, 
119,120,121, 122], [80,23,123] The yellow rectangle denotes 
the approximate domain of the blue metal-poor (BMP) stars. 
The BMP star CS 29497-030 [106] is included in the plot but 
not given a special symbol. Individual stars with unusual char-
acteristics are displayed with special symbols: The RRLyr star 
TY Gru [124], red dot; the near main-sequence turnoff binary 
CS 22964-161 [125], magenta connected dots; and HB/RGB 
Li-rich star HKII 17435 [126], blue dot. 
the metal-poor case is relatively deficient in the fighter 
elements Sr-Y-Zr and very enfianced in tfie fieaviest ele-
ments Pb and Bi. Tfie overabundances of Pb are so large 
tfiat tfiis and many simfiar stars are labeled "lead stars. 
For example, in spite of tfie low metalficity of CS 29497-
030, [Fe/H] 2.5, its [Pb/Fe] - +3.7 translates to 
[Pb/H] '-^+1.2, about 10 times more lead tfian in tfie Sun. 
Itfias long been establisfied [127,128,129] tfiat metal-
ricfi and mildly metal-poor C- and 5-ricfi stars are pre-
dominantly binaries witfi undetectable companions. We 
now know tfiat tfie same is true of tfie very metal-poor 
ones as well, e.g., [29, 130]. Tfie orbital periods typically 
are fiundreds to tfiousands of days, but tfie eccentricities 
are fairly small, e.g., [29]. Tfie evolutionary scenario tfiat 
created tfie low metalficity C- and 5-process-ricfi stars 
seems clear. Tfie original primary star of tfiese systems 
was a low-intermediate mass star tfiat reacfied tfie asymp-
totic giant brancfi(AGB) stage late in its life, experienced 
tfie so-caUed y^ dredgeup pfiase in wfiicfi its He-burning 
products (C directly and 5-process elements indirectly) 
to its surface, and ejected tfiese new elements into its sur-
roundings, wfiere tfiey were picked up by tfie lower mass 
star. Tfie primary became a now-invisible wfiite dwarf, 
and we see its companion today 
Wfiat about tfie C-ricfi low metalficity stars tfiat do 
not exfiibit enfianced 5-process abundances? Tfie evo-
lutionary status of tfiese stars is not certain. Based on 
a survey of 26 C-ricfi stars [123] tfie autfiors conclude 
tfiat, "No weU-establisfied model exists to explain tfie 
Ba-normal CEMP [carbon-enfianced metal-poor] stars, 
altfiougfi Ryan et al. (2005) [[131]] suggested tfiat tfiey 
form from carbon-ricfi gas (from a massive progeni-
tor star population) in contrast to tfie AGB progen-
itor paradigm, wfiicfi explains many features of Ba-
enfianced objects." Tfie earlier suggestion was based on 
tfie tendency of 5-process-weak C-ricfi stars to be giants, 
wfiereas tfie 5-process-ricfi stars occur at aU evolutionary 
stages. Now tfiat tfie sample of C-ricfi stars fias grown, we 
can re-examine tfie distribution of tfiese objects. In Fig-
ure 12 we fiave gatfiered togetfier data for a large number 
of C-ricfi stars from a number of surveys. Altfiougfi tfie 
Teyy and log g values for tfiese stars fiave not been fiomo-
geneously determined, it seems clear tfiat tfie a variety of 
5-process abundance levels for C-ricfi stars occur at aU 
evolutionary states. Tfiis kind of plot does not by itself 
argue for different origins of tfie two groups of C-ricfi 
stars. 
Tfiis review and otfiers fiave documented tfie rapid 
evolution in our knowledge of tfie early cfiemical enricfi-
ment of our Galaxy. Tfie stellar spectroscopic database 
is ricfi in data of low and fiigfi resolution. Atomic pfiysi-
cists fiave made significant improvements especially in 
tfieoretical computations for ligfit elements and experi-
mental data for tfie fieavier elements. Tfie combination of 
tfiese developments fias substantially increased our un-
derstanding of tfie origin of tfie elements and Galactic 
cfiemical evolution, and wiU continue to do so in tfie fu-
ture. 
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